Background: We previously found that loss of lncRNA-AZIN2 splice variant (AZIN2-sv) increases cardiomyocyte (CM) proliferation and attenuates adverse ventricular remodelling post-myocardial infarction (MI). However, whether inhibition of AZIN2-sv can simultaneously induce angiogenesis and thus improve prognosis after MI is unclear. Methods: We used in situ hybridization and quantitative PCR to determine AZIN2-sv expression in endothelial cells. Knockdown and overexpression were performed to detect the role of AZIN2-sv in endothelial cell function, angiogenesis and prognosis after MI. RNA pulldown, RNA immunoprecipitation and luciferase reporter assays were used to determine the interaction with talin1 (Tln1) protein and miRNA-214 (miR-214). DNA pulldown and chromatin immunoprecipitation (ChIP) assays were used to study AZIN2-sv binding to upstream transcription factors. Findings: AZIN2-sv was enriched in cardiac endothelial cells. The loss of AZIN2-sv reduced endothelial cell apoptosis and promoted endothelial sprouting and capillary network formation in vitro. Moreover, in vivo, the loss of AZIN2-sv induced angiogenesis and improved cardiac function after MI. Mechanistically, AZIN2-sv reduced Tln1 and integrin β1 (ITGB1) protein levels to inhibit neovascularization. AZIN2-sv activated the ubiquitination-dependent degradation of Tln1 mediated by proteasome 26S subunit ATPase 5 (PSMC5). In addition, AZIN2-sv could bind to miR-214 and suppress the phosphatase and tensin homologue (PTEN)/Akt pathway to inhibit angiogenesis. With regard to the upstream mechanism, Bach1, a negative regulator of angiogenesis, bound to the promoter of AZIN2-sv and increased its expression. Interpretation: Bach1-activated AZIN2-sv could participate in angiogenesis by promoting the PSMC5-mediated ubiquitination-dependent degradation of Tln1 and blocking the miR-214/PTEN/Akt pathway. Inhibition of AZIN2-sv induced angiogenesis and myocardial regeneration simultaneously, thus, AZIN2-sv could be an ideal therapeutic target for improving myocardial repair after MI.
Inhibition of AZIN2-sv induces neovascularization and improves prognosis after myocardial infarction by blocking ubiquitin-dependent talin1 degradation and activating the Akt pathway 
Introduction
An orchestrated interaction between myocardial hyperplasia and endothelial activation to replenish cardiomyocytes (CMs) and induce angiogenesis is required for functional repair and improved prognosis after myocardial injury, including myocardial infarction (MI), viral myocarditis and primary cardiomyopathy, etc. [1] [2] [3] . Currently, studies of myocardial regeneration in the repair process after myocardial injury mainly focus on gene-targeted interventions [4] . Emerging evidence indicates that non-coding RNAs (ncRNAs) are responsible for specialized biological processes during cardiac regeneration and repair, which may provide a new opportunity for therapeutic interventions via regenerative medicine in the heart [4, 5] . Many studies have explored ncRNAs that promote CM regeneration in terms of cell cycle re-entry [6] , CM apoptosis reduction [7] and heart ageing delay [8] . Indeed, several miRNAs have been shown to have potential to improve myocardial repair by EBioMedicine 39 (2019) [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] inducing angiogenesis after MI [9, 10] . However, except for miRNAs, ncRNAs that could facilitate the improvement of myocardial injury by allowing cardiomyogenesis and angiogenesis together, as well as the subsequent angiogenic signals with cardiac regenerative capacity, have not been explored.
Among the numerous non-coding genes, long non-coding RNAs (lncRNAs) are increasingly showing the potential to promote both myocardial regeneration and endothelial activation according to their role in cell proliferation [11] , cardiac development [12, 13] , and blood vessel formation [14] . The role of certain lncRNAs in improving endothelial function and inducing angiogenesis has been identified, such as lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) and lncRNA MANTIS in regulating endothelial migration and vascular sprouting [15, 16] . In our previous work [17] , we found that loss of the cardiac-specific lncRNA-AZIN2 splice variant (AZIN2-sv) promoted CM regeneration through the activation of the PI3K/Akt pathway, and intriguingly, that the inhibition of AZIN2-sv caused an increase in capillary density. Mechanistically, mass spectrometry results have showed that talin1 (Tln1) may be a downstream binding protein of AZIN2-sv, which is considered as a key regulator in mediating endothelial migration and spreading. In the light of these findings, we hypothesized that loss of AZIN2-sv may have the potential to induce endothelial activation and angiogenesis to improve the prognosis of myocardial injury while regulating CM regeneration.
In the present study, we aimed to verify the role of AZIN2-sv in CM regeneration via endothelial activation, angiogenesis and subsequent prognosis improvement after MI, as well as the detailed underlying mechanism. Our results shed light on a novel molecular target that participates in myocardial repair by promoting both CM regeneration and angiogenesis after MI.
Materials and methods
Human heart samples were collected from patients undergoing open surgical repair according to protocols approved by the Research Ethics Committees of Zhongshan People's Hospital. All procedures complied with the Declaration of Helsinki. The animal experiments in this study were approved by the Animal Research Committee at Southern Medical University, and all procedures were in accordance with the Institutional Guidelines for Animal Research and the Guide for the Care and Use of Laboratory Animals published by the US NIH (2011) [18] . All methods are described in detail in the supplemental material.
Cell culture and transfection
AC16 human CM-like cells, human cardiac fibroblasts (HCFBs) and human umbilical vein endothelial cells (HUVECs) were donated by Mingkong Bio Co. Ltd. (Guangzhou, China). The cells were incubated in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 10% foetal bovine serum (Gibco, Life Technologies, Australia) at 37°C with 5% CO 2 . Adenoviral vectors harbouring plasmids or 4-in-1 shRNA (Vigene Biosciences, Shandong, China) were added to cells at a multiplicity of infection (MOI) of 100 to overexpress or inhibit AZIN2-sv. The RNA interference target sequences for AZIN2-sv are in Supplemental Table S1 . Scrambled RNA was used as the control. After 24 h, cells were maintained in normal fresh medium for 48 h before experiments and subsequent analyses. Small interfering RNAs (siRNAs) against PSMC5 and pcDNA 3.1-Bach1 were generated by Kidan Bio Co. Ltd. (Guangzhou, China). The interference sequences are provided in Supplemental Table S1 . Transfections were performed with Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, Bridgewater, NJ, USA) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (qRT-PCR)
qRT-PCR was performed as previously described [20] . Total RNA was extracted from CMs using an E.Z.N.A.® Total RNA Kit II (Norcross, GA, USA). Related mRNAs were quantified with the SYBR Green PCR Kit (Takara) and the LightCycler 480 II System (Roche Diagnostics, Basel, Switzerland). The primer sequences are provided in Supplemental  Table S2 .
In situ hybridization
AZIN2-sv expression in heart and other organs was detected by in situ hybridization. Tissue sections were dewaxed in xylene, rehydrated through an ethanol gradient and then treated with 3% H 2 O 2 for 10 min. Subsequently, the sections were treated with pepsin diluted in 3% fresh citrate buffer at 37°C for 30 min and then washed. Then, hybridization with DIG-labelled probes (probe sense: Bis-P22758; Bersin Bioscience Co. Ltd., Guangzhou, China) was performed overnight at 37°C after pre-hybridization using 20 μL of pre-hybridization solution for 2 h at 37°C. The sections were subjected to high-stringency washes with 2× SSC, 0.5× SSC and 0.2× SSC for 5, 15 and 15 min, respectively, at 37°C. Afterwards, the sections were incubated in blocking solution for 30 min at 37°C and then incubated with alkaline phosphatase (AP)-conjugated sheep anti-DIG Fab fragments for 60 min at room temperature. Positive staining of AZIN2-sv was observed by adding BM purple AP substrate (Roche, Basel, Switzerland) according to the manufacturer's instructions and was measured digitally using Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MD).
Research in context
Evidence before this study
We previously reported that loss of lncRNA-AZIN2 splice variant (AZIN2-sv) could induce cardiomyocyte (CM) proliferation and attenuate adverse ventricular remodelling post-myocardial infarction (MI). Notably, our preliminary results found that the inhibition of AZIN2-sv caused an increase in cardiac capillary density. These evidences suggested a multifaceted regulatory role of AZIN2-sv loss in post-MI repair through coordinated cardiac angiogenesis induction and CM regeneration promotion.
Added value of this study
Here, we demonstrate that AZIN2-sv was abundant in cardiac endothelial cells (ECs). The loss of AZIN2-sv facilitated EC sprouting and capillary network formation and induced angiogenesis after MI, improving subsequent prognosis after MI. Mechanically, AZIN2-sv promotes the ubiquitination-dependent degradation of talin1 (Tln1) mediated by PSMC5, which reduces integrin β1 (ITGB1) protein levels to inhibit neovascularization. Meanwhile, AZIN2-sv binds to miR-214 and suppresses the phosphatase and tensin homologue (PTEN)/Akt pathway to inhibit angiogenesis. Bach1, a negative regulator of angiogenesis, was found to bind to the AZIN2-sv promoter and increase its expression.
Implication of all the available evidence
Our study sheds light on an important myocardial repair effect of AZIN2-sv in regulating both CM regeneration and angiogenesis after MI. AZIN2-sv involvement in angiogenesis and CM regeneration may be an ideal target for facilitating myocardial repair after MI.
RNA fluorescence in situ hybridization
RNA fluorescence in situ hybridization (FISH) was performed as previously described [20] . Slides were mounted and analysed using a Carl Zeiss LSM880 confocal microscope (Zeiss Corporation, Germany).
Flow cytometry
Cells in single-cell suspensions at a density of 1 × 10 6 /mL after digestion in trypsin without EDTA were transfected for 24 h. Cell apoptosis was analysed by flow cytometry according to the instructions of the Annexin V/PI kit, and the percentage of apoptotic cells was determined in triplicate (%). Median Fluorescence Intensity (MFI) was used to represent EdU activity.
Tube-formation and spheroid-formation assays
Transfection of cultured cells was performed as previously mentioned. Matrigel Growth Factor Reduced (BD) Basement Membrane Matrix was prepared and incubated with 1.5 × 10 4 HUVECs in EBM and 1%
foetal calf serum (FCS) for 4 h. After fixing the cells with 4% PFA, images of tube formation were obtained on a Zeiss AxioVision microscope (Jena, Germany). The cumulative length of all sprouts of each spheroid or the maximal distance of the migrated cells were used to quantify HUVEC spheroids. Approximately 10 spheroids were analysed for each experiment.
Scratch wound (migration) assay
Transfected HUVECs were cultured in EBM-2 at 37°C and 5% CO 2 . Scratches in the cell monolayer were generated with a 200-μL tip, and the cells were imaged at 0, 6, 24 and 48 h with a Zeiss Axiovert 135 microscope. Subsequently, the distance between cell fronts was measured with an AxioVision documentation system (Zeiss).
Rat aortic ring assay
Rat aortic ring assays were performed as previously described [21] . Aortas were isolated from Sprague-Dawley rats and cut into approximately 1-mm-long rings after cleaning the fibroadipose tissue. The aortic rings were placed into Growth Factor Reduced Matrigel-coated wells and then sealed with a 100-μL overlay of Matrigel Medium 200 containing with and without VEGF. The wells were transfected with AZIN2-sv and incubated at 37°C/5% CO 2 for 6 days. At the end of the experiment, the formed microvessel sprouting were fixed and imaged under a dissecting microscope. Three independent experiments were performed.
Western blot analysis
Western blot analysis was performed as previously reported [22] . The primary antibodies used were against Tln1 (1:100, ab157808; Abcam), integrin β1 (ITGB1) (1:200, sc-374429; Santa Cruz) and PSMC5 (1:50, ab178681; Abcam). GAPDH (1:200, sc-25778; Santa Cruz) was used as the loading control. Alexa Fluor 480 (1:10,000, ab175772; Abcam) was used as the secondary antibody. Immunoreactive bands were visualized with Odyssey Software (version 1.2; LI-COR, Lincoln, NE, USA). Protein expression was measured using ImageJ Analysis software (NIH, Bethesda, MD, USA).
Immunoprecipitation
Cells were homogenized in 1× RIPA buffer supplemented with protease/phosphatase inhibitors. The lysates were cleared by centrifugation, and the supernatants were prepared for immunoblotting or immunoprecipitation with the antibodies described above.
Immunoblotting signals were detected using Odyssey Software (version 1.2; LI-COR, Lincoln, NE, USA).
Pulldown assay
The probes of AZIN2-sv and its antisense RNA for RNA pulldown were designed as previously described [20] . For DNA pulldown, the probes were synthesized by Saicheng Bio Co. Ltd., Guangzhou, China. Biotinylated probes were mixed with proteins isolated from HUVECs and incubated with streptavidin-coated magnetic beads (SA10004; Invitrogen). RNase-free BSA and yeast tRNA (Sigma, Shanghai, China) were used to prevent non-specific binding of protein complexes. Finally, proteins were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, and the specific bands were extracted, followed by western blot analysis.
RNA immunoprecipitation (RIP)
RIP experiments were performed with the Magna RIP™ RNAbinding protein Immunoprecipitation Kit (Millipore, Stafford, VA, USA) according to the manufacturer's protocol. Anti-Tln1 antibody (1:100, ab157808; Abcam) and anti-PSMC5 antibody (1:50, ab178681; Abcam) were used to coprecipitate RNA. RNA quantity was detected by qRT-PCR.
Chromatin immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) assays were performed according to the EZ-CHIP kit (Millipore, Temecula, CA, USA). Anti-Bach1 (1:100, ab49657; Abcam) antibodies were used to precipitate the DNA-protein complexes. The immunoprecipitated DNA was examined by PCR. Primers specific for the AZIN2-sv promoter containing the E-box were 5′-GAGATGAGTGAGCAG-3′(forward) and 5′-CTGCTGGGC TGGCGGGGCGCA GG-3′ (reverse).
Luciferase activity assay
The pGL3-WT luciferase reporter plasmid was generated by ligating oligonucleotides.
containing a wild-type (WT) AZIN2-sv promoter into the vector pGL3-basic (Promega). The pGL3-Mut plasmid with a mutant target site in the E-box was synthesized by Kidan Bio Co. Ltd. (Guangzhou, China). Cells were seeded in 24-well plates (1 × 10 5 /well) and transfected with pGL3-basic, pGL3-WT, or pGL3-Mut using Lipofectamine 2000 (Invitrogen). The pcDNA 3.1-Bach1 was co-transfected into HUVECs with the luciferase constructs as described above. The miR-214 mimic was co-transfected into HUVECs with AZIN2-sv-wt and AZIN2-sv-mut as previously described [17] . After 48 h, firefly and Renilla luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) and each well had three replicates.
Immunofluorescence
Immunofluorescence staining was performed as previously described [23] . Frozen sections of cardiac tissues (3 mm) were fixed with acetone, permeabilized with 0.2% Triton X-100, blocked in 3% BSA, and incubated with the desired primary antibodies against cTnT (1:200, ab45932; Abcam) and CD105 (1:200, ab11414;Abcam). After incubation at 4°C overnight, the sections were incubated with Alexa Fluor 488 and 647 dye-conjugated secondary antibodies (1:200, ab150117 and ab150075, respectively; Abcam) for 2 h at room temperature. For terminal transferase-mediated dUTP nick end-labelling (TUNEL) assays, the sections were stained using fluoresceinconjugated TUNEL reagent in the In Situ Cell Death Detection Kit (Roche). DAPI was used to stain the nuclei. Positive cells were counted from five randomly selected fields in non-consecutive sections using confocal microscopy (Carl Zeiss, LSM880).
Histology and immunohistochemistry
Pathological examination was performed as previously described [24] . Fourteen days after MI, samples of skin, brain, liver, spleen, muscle and lung were fixed with 10% formalin, dehydrated and embedded in paraffin.
Then, 4-um-thick sections were cut and stained with haematoxylin and eosin. For immunohistochemical staining, the slides were incubated at 4°C overnight with primary antibodies and for 30 min with a biotinylated secondary antibody, followed by incubation in a horseradish peroxidase-labelled streptavidin solution. Then, the slides were stained with diaminobenzidine and counterstained with haematoxylin. The primary antibodies used were aSMA (1:1000, ab179467, Abcam), CD34 (1:1000, ab25124, Abcam), and vWF (1:1000, ab6994, Abcam). 
MI model establishment and cardiac function evaluation
MI was induced in rats by ligation of the left anterior descending coronary artery as previously described [20] . Adult Sprague-Dawley (SD) rats (180-200 g) were anaesthetized with intraperitoneal injections of 3% pentobarbital sodium (40 mg/kg). For sham operation, an analogous surgical operation was performed without occlusion of the coronary artery. Immediately post-ligation, AAV9 vectors (1 × 10 11 viral genome particles per animal) containing shAZIN2-sv or shITGB1 were injected into the myocardium bordering the infarct zone (single injection) using an insulin syringe with a 30-gauge needle. The RNA interference target sequences are provided in Supplemental Table S1 . The animal chests were closed, and the rats were kept warm for several minutes until recovery. According to previous study [25] , the perfusion score was assessed by PET-CT (Siemens, Munich, Germany) 8 weeks after MI. The left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) were measured by M-mode echocardiography. All rats were sacrificed by an overdose of pentobarbital sodium (150 mg/kg intraperitoneal injection) or cervical dislocation at the specified time points.
Statistical analysis
Quantitative data are expressed as the mean ± SEM. Differences between two groups were evaluated using two-tailed unpaired Student's t-tests, and multiple comparisons were performed by one-way analysis of variance (ANOVA), followed by Bonferroni tests in the case of equal variances and Dunnett's C test in the case of unequal variances (SPSS 16.0; SPSS Inc., Chicago, IL, USA). The Kaplan-Meier method was used to calculate survival, and significance was determined by log-rank test. For all tests, p b .05 was considered significant.
Results

Cardiac endothelium-enriched AZIN2-sv inhibits HUVEC migration
In situ hybridization was performed to determine AZIN2-sv localization, and the results showed that, in addition to being expressed in CM, AZIN2-sv was enriched in the vascular endothelium of human (Fig. 1A) and rat (Fig. 1B, Supplemental Fig. 1A) hearts. We compared AZIN2-sv expression in AC16 human CMs, HUVECs and HCFBs. The qRT-PCR results suggested that AZIN2-sv expression in AC16 cells and HUVECs was higher than that in HCFBs (p b .05; Fig. 1C ). The effect of AZIN2-sv on endothelial cell migration was also investigated. Adenoviral vectors harbouring AZIN2-sv or shAZIN2-sv were transfected to overexpress and reduce AZIN2-sv expression, respectively (p b .05; Supplemental  Fig. 1B, C) . Increased expression of tumour necrosis factor (TNF)-α contributes to endothelial cell migration, thereby affecting vascular stability. We found that AZIN2-sv significantly decreased the number of migrating cells induced by TNF-α and AZIN2-sv knockdown promoted cells migration (p b .05; Fig. 1D, E, Supplemental Fig. 1D, E) . Similar results were obtained by transwell assays, which indicated that AZIN2-sv could inhibit the invasion of HUVECs treated with VEGF and AZIN2-sv knockdown induced the invasion through Matrigel-coated polycarbonate membranes (p b .05; Fig. 1F, G, Supplemental Fig. 1H, I ). These data show that myocardial-specific AZIN2-sv is enriched in cardiac endothelial cells and is a negative regulator of endothelial function.
AZIN2-sv induces endothelial apoptosis and inhibits vessel formation
We further evaluated the effect of AZIN2-sv on endothelial cell apoptosis. Knockdown of AZIN2-sv prevented apoptosis in endothelial cells exposed to H 2 O 2 and enhanced AZIN2-sv increased the radio of apoptotic cells (p b .05; Fig. 2A, B, Supplemental Fig. 1 J, K) . Moreover, flow cytometry results showed that compared with that of control cells, proliferation was reduced in endothelial cells that overexpressed AZIN2-sv (p b .05; Fig. 2C, D) . VEGF was used to promote endothelial spheroid formation. AZIN2-sv overexpression obviously suppressed vascular sprouting stimulated by VEGF (p b .05; Fig. 2E, F) . The role of AZIN2-sv in vessel formation was also investigated. AZIN2-sv overexpression significantly decreased TNF-α-induced tube formation (p b .05; Fig. 2G, H) . In addition, the presence of AZIN2-sv significantly antagonized VEGF-induced sprouting in rat aortic rings as shown in Supplemental Fig. 1C, D (p b .05) . Thus, AZIN2-sv induces apoptosis and reduces proliferation in endothelial cells and inhibits endothelial vessel formation in vitro.
AZIN2-sv knockdown promotes angiogenesis and thus improves prognosis after MI
Neovascularization after MI was evaluated, and ITGB1 was knocked down to inhibit neovascularization. The transfection effect of AAV9 vectors is shown in Supplemental Fig. 2A, B (p b .05) . Endoglin (CD105) is expressed on immature blood vessels and is a marker of angiogenesis. At 14 days after MI, compared with shNC-and sham-treated rats, the shAZIN2-sv -treated rats displayed increased CD105 staining in the peri-infarct and distant areas, while ITGB1 knockdown further reduced the number of CD105-positive cells (p b .05; Fig. 3A, B) . Moreover, Acta2-positive arteriolar density was higher in the shAZIN2-sv group than in the shNC and sham groups, and this increase in arteriolar density could be inhibited by ITGB1 knockdown (p b .05; Fig. 3C, D) . In addition, CM apoptosis was assessed. Compared with those in rats in the shNC group, TUNEL-and caspase-3-positive CMs in the peri-infarct and distant areas were markedly reduced in rats in the shAZIN2-sv group at 14 days after MI (p b .05; Fig. 3E-H) . Increased neovascularization can improve prognosis after MI. At day 30 post-MI, myocardial perfusion score identified by PET/CT improved significantly in the shAZIN2-sv group and worsened when ITGB1 was knocked down (p b .05; Fig. 3I ). The loss of AZIN2-sv brought the improvement of left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS), which were offset by ITGB1 knockdown at day 30 and 60 after MI (p b .05; Supplemental Fig. 2C ). The same trend was also reflected in the survival rate. AZIN2-sv knockdown improved the survival rate after MI, which was aggravated when ITGB1 was knocked down (p b .05; Fig. 3J ). In addition, the effect of AZIN2-sv knockdown on angiogenesis of other organs was also evaluated. Immunohistochemistry results showed that reduced AZIN2-sv did not cause changes in the vascular density of brain, muscle, lung, liver, skin and spleen (Supplemental Fig. 3A, B) . These data suggest that the loss of AZIN2-sv can specifically promote myocardial angiogenesis and improve prognosis after MI.
AZIN2-sv binds to Tln1 protein and combines with miR-214 directly
Next, the specific interaction protein of AZIN2-sv was identified. Tln1, which is expressed in CMs and endothelial cells, was pulled down by AZIN2-sv in CMs in our previous study (Supplemental Fig. 4A , B, Supplemental Table 3 ). We thus speculated that AZIN2-sv interacts with Tln1 in HUVECs. In line with this hypothesis, RNA pulldown assays were performed to confirm the interaction between AZIN2-sv and Tln1 in HUVECs (Fig. 4A, B) . Moreover, RIP was used to demonstrate whether Tln1 could bind to AZIN2-sv in vivo. Indeed, compared with a non-specific IgG antibody, the anti-Tln1 antibody could enrich AZIN2-sv (p b .05; Fig. 4C, D) . Furthermore, FISH and immunofluorescence staining for Tln1 showed the colocalization of Tln1 and AZIN2-sv in the cytoplasm when AZIN2-sv or control vector was transfected in HUVECs, which showed a decrease in Tln1 level when AZIN2-sv was overexpressed (Fig. 4E) . Moreover, western blotting suggested that, compared with the respective control, AZIN2-sv overexpression decreased the expression of Tln1 and ITGB1, while AZIN2-sv knockdown had the opposite effect (p b .05; Fig. 4F, G) . In addition, we also investigated the regulatory effect of AZIN2-sv on the miR-214/PTEN/Akt pathway in endothelial cells. The results indicated that in HUVECs, AZIN2-sv could act as a miR-214 sponge that releases PTEN and blocks Akt phosphorylation to inhibit angiogenesis (Supplemental Fig. 5A-E) . These data show that AZIN2-sv can not only directly act on Tln1 protein but also block the miR-214/PTEN/Akt pathway.
AZIN2-sv promotes Tln1 ubiquitin-mediated degradation at the translational level
We further explored the molecular consequences of the interaction between AZIN2-sv and Tln1. qRT-PCR showed that the levels of Tln1 mRNA were not altered when AZIN2-sv was overexpressed or knocked down (Fig. 5A) . Treatment of AZIN2-sv-overexpressing cells with the protein synthesis inhibitor cycloheximide resulted in a notably shorter half-life of Tln1 than that in control cells, while AZIN2-sv knockdown delayed this decrease (p b .05; Fig. 5B, C) . Furthermore, treatment of AZIN2-sv-overexpressing cells with the proteasome inhibitor MG132 resulted in increased levels of endogenous Tln1 protein compared with those in control cells, suggesting that the ubiquitin-proteasome pathway may play a critical role in the AZIN2-sv-mediated degradation of the Tln1 protein (p b .05; Fig. 5D ). Indeed, Tln1 ubiquitination was dramatically increased in cells overexpressing AZIN2-sv compared with that in control cells but was substantially decreased in cells with AZIN2-sv knockdown (Fig. 5E, F) . Collectively, these results indicate that the interaction of AZIN2-sv with Tln1 promotes Tln1 degradation through ubiquitination.
The ubiquitin-proteasome degradation pathway of Tln1 is mediated by PSMC5
Previous studies have suggested that the ubiquitin-proteasome pathway requires the participation of key enzymes. Intriguingly, among the AZIN2-sv-interacting proteins, we identified proteasome 26S subunit ATPase 5 (PSMC5), a core component of the 26S proteasome, which is the major non-lysosomal ATP-dependent proteolytic machinery that degrades polyubiquitinated proteins (Supplemental Fig. 4A , C, Supplemental Table 3) . Using western blotting, we verified the presence of PSMC5 in the protein complex (Fig. 6A) . RIP assays were used to demonstrate that PSMC5 could bind to AZIN2-sv in vivo (p b .05; Fig. 6B, C) . Overexpression or knockdown of AZIN2-sv did not affect PSMC5 expression (Fig. 6D) . However, AZIN2-sv knockdown had a certain impact on the interaction of PSMC5 with Tln1. Coimmunoprecipitation assays showed that enhanced AZIN2-sv expression increased the binding between Tln1 and PSMC5, while AZIN2-sv knockdown decreased the mutual binding of Tln1 with PSMC5 (Fig. 6E) . We thus speculated that Tln1 is a substrate of PSMC5. Indeed, we observed an increase in Tln1 protein levels when PSMC5 expression was silenced (p b .05; Fig. 6F ). Moreover, immunoprecipitation assays indicated that PSMC5 silencing led to diminished ubiquitination (Fig. 6G) . Together, these results indicate that AZIN2-sv may function as a mediator that strengthens the PSMC5-Tln1 interaction, thereby promoting PSMC5-mediated ubiquitination and degradation of Tln1.
Bach1 directly binds to the promoter region of AZIN2-sv and enhances its expression
To examine the mechanisms underlying the transcriptional regulation of AZIN2-sv, we predicted the potential transcription factor that binds to the promoter region of AZIN2-sv and identified Bach1 as a likely candidate binding to the AZIN2-sv promoter (−375 bp to −361 bp) (Fig. 7A) . Indeed, luciferase activity increased when LucBach1-WT was transfected but decreased when Luc-Bach1-MUT was transfected (p b .05; Fig. 7B, C) . Additionally, ChIP assays showed that Bach1 directly binds to the AZIN2-sv promoter (p b .05; Fig. 7D, E) . In addition, DNA pulldown was performed to identify the specific protein that could bind to the promoter of AZIN2-sv (Fig. 7F ). Bach1 could be detected in the specific bands (Fig. 7G) . When Bach1 was silenced, AZIN2-sv expression decreased (p b .05; Fig. 7H ). The effect of Bach1 on vessel formation was also investigated. TNF-α was used to induce the formation of tubes, and Bach1 overexpression suppressed tube formation, while Bach1 silencing had the opposite effect (p b .05; Fig. 7I, J) . These results indicate that Bach1, an angiogenesis repressor, can promote AZIN2-sv expression.
Discussion
In this study, we identified that the loss of cardiac-specific AZIN2-sv promoted endothelial activation and induced angiogenesis in vitro and in vivo, thereby improving prognosis post-MI. AZIN2-sv knockdown increased Tln1 protein levels by blocking its ubiquitination mediated by PSMC5 and activated the miR-214/PTEN/Akt pathway to promote neovascularization. In addition, the transcription factor Bach1, which inhibits angiogenesis, directly bound to the AZIN2-sv promoter and increased its expression via an upstream mechanism. These findings suggest that AZIN2-sv, which participates in CM regeneration and angiogenesis, could be used to improve myocardial repair after MI (Fig. 8) .
It is equally important to promote CM regeneration and induce angiogenesis for repair after MI [26] . Our present work indicated that the loss of AZIN2-sv, a lncRNA involved in CM proliferation, as previously reported by us, can enhance migration, vascular sprouting and tube formation in endothelial cells and further improve prognosis by increasing angiogenesis after MI. Previous studies have suggested that increased capillary density significantly correlated with reduced apoptosis of CMs and better prognosis post-MI [27] [28] [29] . The current results showed that with AZIN2-sv knockdown, neovascularization and arteriolar density labelled by CD105 and Acta2 in the peri-infarct region and distant myocardium markedly increased, which significantly reduced the apoptotic CMs, decreased the infarct area and improved the survival rate after MI. Moreover, ITGB1 knockdown served as an angiogenesis inhibitor and offset the benefits of AZIN2-sv knockdown, which further indicated the role of angiogenesis in myocardial repair after MI. Based on the regulation of CM proliferation demonstrated in our previous study and the currently described effects of AZIN2-sv on angiogenesis, we suggest that AZIN2-sv may serve as an ideal target for cardiac repair after MI. In addition, AZIN2-sv is a cardiac-specific lncRNA, which localizes its effect on angiogenic regulation to the heart. Previous studies have reported that lncRNAs are tissue specific, which allows them to be more precisely employed in the regulation of development and pathological processes. The muscle-specific lncRNA linc-MD1 has been shown to regulate the timing of muscle differentiation and play a crucial role in the control of factors involved in the myogenic programme [30] . Another cardiac-specific lncRNA, Bvht, was shown to be required for the commitment of nascent mesoderm towards a cardiac fate and was found to be critical in the establishment of the cardiovascular lineage during mammalian development [13] . Our present results suggest that AZIN2-sv could promote myocardial angiogenesis but did not affect vessel formation in other organs, including skeletal muscle, liver, spleen, lung, brain and skin. Thus, AZIN2-sv can induce CM regeneration and specifically promote myocardial angiogenesis, and these mechanisms may be valuable for future clinical applications.
This study revealed that the anti-angiogenic effect of AZIN2-sv was achieved by acting on the downstream protein Tln1 and miR-214. Previous studies have reported that lncRNAs can interact with proteins in various forms and function as protein decoys, protein scaffolds, protein target guides, and intracellular signals [31, 32] . In our study, using RNA pulldown and RIP assays, we determined that AZIN2-sv could interact with Tln1 and downregulate its protein level. LncRNAs mainly regulate the expression of downstream proteins at the transcriptional or translational level [33] . Our current results showed that AZIN2-sv promoted the degradation of Tln1 protein without affecting its gene expression, which showed that the AZIN2-sv regulated Tln1 level at the translation level. Tln1, which functions as a regulator of integrin activity by binding to β-integrin tails, is known to be important for cell spreading and flattening required for angiogenesis [34, 35] . The present results showed that AZIN2-sv could inhibit Tln1 protein levels and reduce the expression of β-integrin, both of which are essential for endothelial development and vessel formation. Further, we identified that the reduction of Tln1 by AZIN2-sv occurred through the ubiquitin degradation pathway. The inhibition of lncRNA binding to proteins can be achieved in a variety of ways including blockage of ATP synthesis, inhibition of phosphorylation and induction of acetylation [36] [37] [38] . Our present study showed that MG132, a protease inhibitor, could prevent AZIN2-svmediated Tln1 degradation. Moreover, we observed an increase in the binding of a ubiquitin ligase to Tln1 when AZIN2-sv was overexpressed, while AZIN2-sv knockdown resulted in the opposite effect. These results deepen our understanding of Tln1 regulation and provide insights into new approaches for future interventions. A recent study reported that LINC00673 can reinforce the interaction of PTPN11 with PRPF19, an E3 ubiquitin ligase, and promote PTPN11 degradation through ubiquitination [39] . In the present study, we found that the ubiquitinmediated degradation of Tln1 by AZIN2-sv was dependent on PSMC5, the regulatory subunit of the 26S proteasome. PSMC5 has been reported to interact with the N-terminal region of Prp19 to recruit its target proteins to the proteasome and activate the ubiquitin proteasome degradation system [40, 41] . In line with these findings, our results indicated the important role of PSMC5 in the ubiquitin proteasome pathway. In addition, our present study suggested that AZIN2-sv could act as a miR-214 sponge to release PTEN, which blocked activation of the Akt pathway to restrain angiogenesis. The PTEN/Akt signalling pathway has been shown to play an important role in angiogenesis [42, 43] , and our previous study reported its activation in CM and activation in myocardial regeneration. The current results indicated that regulatory effect of AZIN2-sv on miR-214/PTEN/Akt signalling could be achieved in ECs, which suggested that this mechanism was not cell specific. Thus, AZIN2-sv can promote Tln1 downregulation through the ubiquitinated protease degradation pathway dependent on PSMC5 and block the activation of miR-214/PTEN/Akt pathway to suppress angiogenesis.
In this study, we also found that AZIN2-sv expression could be regulated by the transcription factor Bach1. Recent studies have shown that transcription factors can bind to the promoter regions and regulate the transcription of lncRNAs [44, 45] . In the present study, using ChIP and luciferase assays, we found that Bach1 bound to the promoter of AZIN2-sv at specific sites, and moreover, Bach1 could increase AZIN2-sv expression. Bach1 has been previously reported to act as a transcriptional repressor [46] , while our results indicated a positive correlation between Bach1 levels and AZIN2-sv expression. A possible explanation for this phenomenon is that other molecules regulated by Bach1 are involved in the transcriptional activation of AZIN2-sv. A recent study showed that Bach1 could recruit histone deacetylase 1 to the interleukin-8 (IL-8) promoter in HUVECs [47] . In addition, Bach1 has been reported to induce endothelial cell apoptosis and inhibit tube formation [48] . Our present study showed that Bach1 overexpression could reduce tube formation; moreover, Bach1-activated AZIN2-sv could restrain endothelial function and angiogenesis. These findings were consistent with the results of previous reports and indicated that Bach1 may also be an intervention target for vascular diseases. Thus, AZIN2-sv transcription can be activated by Bach1, which is also a negative regulator of angiogenesis.
Nevertheless, our study has some limitations. The current results show that the transcriptional repressor Bach1 could promote AZIN2-sv expression, but the underlying mechanism needs to be investigated in the future. Although Bach1 is involved in vessel formation, its role in myocardial repair after MI needs to be further explored. Because Tln1 protein also exists in CMs, although we have demonstrated that AZIN2-sv could suppress CM proliferation by targeting the PTEN/Akt pathway, it is still an interesting topic to explore the mechanism with Tln1 of AZIN2-sv in CMs.
In conclusion, inhibition of AZIN2-sv improves prognosis post-MI by inducing angiogenesis and CM regeneration; Bach1-activated AZIN2-sv regulates angiogenesis by promoting Tln1 degradation via the ubiquitination pathway and activating the miR-214/PTEN/Akt pathway. Thus, AZIN2-sv is involved in angiogenesis and CM regeneration and may be an ideal target for facilitating myocardial repair after MI.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.12.001.
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